Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive lung disease of unknown cause characterized by the histopathologic pattern of usual interstitial pneumonia (1, 2) . The median survival of patients with IPF after the onset of symptoms is 2 to 5 years (3). To date, no pharmacologic therapies have definitively been shown to improve survival.
Prior animal and human studies in pulmonary fibrosis provide a compelling rationale to examine anticoagulation as a therapeutic approach in IPF (4, 5) . Large epidemiologic studies link IPF with thrombosis-related clinical events, such as an increased risk of acute coronary syndrome and deep vein thrombosis (6) (7) (8) . The suspected causal relationship may extend beyond simple coagulation cascade-induced thrombus formation, as procoagulant enzymes may directly stimulate fibrosis via cell surface receptor-mediated responses (9) . A previous clinical trial provided direct evidence of the coagulation cascade in IPF. Furthermore, this unblinded, prospective clinical trial compared heparin, warfarin anticoagulation, and prednisolone with that of prednisolone alone, and demonstrated a 1-year survival benefit of anticoagulation (87 vs. 58%) in 56 patients with IPF who required hospitalization (10) . As a result of this study, the most recent iteration of the joint American Thoracic Society, European Respiratory Society, Japanese Respiratory Society, and Latin American Thoracic Association guidelines includes anticoagulation as a choice for a minority of patients, despite remaining uncertainty regarding its benefits and harms (1) . AntiCoagulant Effectiveness in Idiopathic Pulmonary Fibrosis (ACE-IPF) and the IPFnet were funded by the National Heart, Lung, and Blood Institute and The Chicago Community Trust; ClinicalTrials.gov Identifier: NCT00957242. Supported by grants (U10HL080413 [data coordinating center], U10HL080274,  U10HL080370, U10HL080371, U10HL080383, U10HL080411, U10HL080509,  U10HL080510, U10HL080513, U10HL080543, U10HL080571, U10HL080685 [clinical centers]) from the NHLBI. Additional funding was provided by the Cowlin Fund of the Chicago Community Trust. The sponsors of this study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The writing committee and corresponding author had full access to all the study data and had final responsibility for the decision to submit for publication.
The Anticoagulant Effectiveness in Idiopathic Pulmonary Fibrosis (ACE-IPF) trial was designed to test the hypothesis that treatment with warfarin at recognized therapeutic doses would reduce the frequency of the composite endpoint of mortality, hospitalization, and 10% or greater absolute decline in FVC in subjects with progressive IPF.
METHODS

Study Oversight
The study was designed and conducted by the IPFnet Steering Committee, and was performed at 22 U.S. clinical centers (see Appendix EA in the online supplement for a complete listing of IPFnet sites and Appendix EB for the ACE-IPF protocol). An independent protocol review committee, appointed by the National Heart, Lung, and Blood Institute (NHLBI), reviewed and approved the protocol for scientific merit. An NHLBI-appointed data and safety monitoring board (DSMB), an NHLBI-appointed Protocol Review Committee, and local institutional review boards approved the protocol. All patients provided written informed consent. The DSMB approved all protocol amendments and oversaw conduct of the trial.
Study Patients
Patients aged 35 to 80 years with progressive IPF were potentially eligible. All participants met modified American Thoracic Society/ European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association criteria for the diagnosis of IPF (bronchoscopies were not required) (1, 11) . Progressive IPF was defined as a history of (1) worsening of dyspnea, or (2) physiologic deterioration defined as an absolute decline of either FVC greater than or equal to 10% or DL CO greater than or equal to 15%, a reduction in arterial oxygen saturation of greater than or equal to 5%, or progression of radiographic findings. Participants needed to be willing and able to perform home International Normalized Ratio (INR) testing.
Participants were excluded if they met any of the following criteria: current indication for, or treatment with, warfarin, prasugrel, or clopidogrel combined with aspirin; the presence of an increased risk of bleeding; a recent cerebral vascular accident or gastrointestinal bleeding; any current signs or symptoms of severe, progressive, or uncontrolled comorbid illness; and their presence on the active list for lung transplantation. For a complete list of exclusions, see the ACE-IPF protocol (Appendix EB).
Study Design
ACE-IPF was a double-blind, randomized, placebo-controlled trial of an oral warfarin dose adjusted to an INR response of 2.0 to 3.0, compared with a sham dose-adjusted placebo. The trial was originally designed as an event-driven study with a treatment period of up to 144 weeks. Given the slow rate of recruitment and higher than anticipated event rates seen in another IPFnet trial, the protocol was modified to have a maximum treatment period of 48 weeks after 11 patients were enrolled in the study. Participants were to be seen at screening, baseline, and at 16, 32, and 48 weeks after enrollment (see Appendix EB).
Outcome Measures
The primary outcome was a composite endpoint based on the time to allcause mortality; nonelective, nonbleeding hospitalization; or a decrease in the absolute FVC greater than or equal to 10% from baseline value. Secondary outcome measures included rates of mortality, hospitalization, respiratory-related hospitalization, acute exacerbation, bleeding, cardiovascular events, and changes over time in FVC, 6-minute walk test distance, DL CO , plasma fibrin D-dimer levels, and quality of life (QOL) assessments.
Data Analysis
Continuous variables at baseline were expressed as means (SDs) and medians (25th and 75th percentiles). Categorical variables at baseline were expressed as counts and percentages. Unadjusted estimates of event rates for time-to-event variables were computed using the KaplanMeier estimator with comparisons based on the log-rank test statistic. The primary hypothesis was tested using a Cox proportional hazards regression model, comparing the treatment effect on the primary composite endpoint. Prespecified covariates in this model included an indicator variable for the treatment group and the DL CO measurement from the baseline assessment.
Randomization and Masking
Subjects were randomly assigned to study arms in a 1:1 ratio, using a permuted-block design with varying block sizes, to receive either warfarin or matched placebo. Subjects were stratified by clinical center and a DL CO threshold of 35% of predicted. Randomization lists were generated by the study data coordinating center and provided to a phoneand web-enabled registration system (Almac Clinical Services, Inc.) that allowed sites to enroll subjects and receive study kits while keeping the study team and subjects blinded to treatment assignment.
INR Testing and Monitoring
Study subjects were provided two strengths of warfarin tablets (1 mg and 2.5 mg) or matching placebos. Subjects measured their INR with encrypted meters (INRatio; Alere, San Diego, CA) at least weekly. Home monitoring was validated by plasma INR measurement at the week 1 and 16 visits. Individual INR meters and test strips were replaced and subjects were reinstructed if meter INR readings varied by more than 30% from the laboratory INR. Efficacy of home INR measures was determined by time-in-target INR range of all patients, calculated on the basis of linear interpolation (12) , after excluding readings taken at baseline, during initial warfarin titration (until INR > 2.0), study drug interruption, or after the discontinuation of study drug.
Statistical Design and Analysis
Sample size justification. The study was designed to have 90% power to detect a difference in 48-week event-free rates of 70% for the warfarin group versus 50% for the placebo group. A total of at least 95 adjudicated primary endpoints were required to achieve 90% power with a two-sided, type I error rate of 0.05 and a 1:1 randomization ratio (13) . These calculations yielded a requisite total sample size of 256 subjects.
Interim Assessments
At the outset of the study, the investigators provided the DSMB with stopping guidelines for safety concerns or a large efficacy benefit. The Haybittle-Peto boundary was applied, with a boundary requiring P less than 0.001 for benefit or harm for the endpoint of all-cause mortality; the O'Brien-Fleming spending function for group sequential Data are presented as mean 6 standard deviation, median (25th, 75th percentile), or n (%). * History of thrombosis includes baseline history of coronary artery disease, pulmonary embolism, deep venous thrombosis, claudication, cerebrovascular accident, myocardial infarction, or stroke.
y Indicates better score.
monitoring was planned to assess the primary endpoint approximately once per year. After a trend in mortality was detected, a generalpurpose futility assessment was conducted to calculate the likelihood that warfarin therapy would be beneficial in this patient population (14) .
RESULTS
Interim Assessments
On April 5, 2011, an unscheduled interim analysis, as requested by the DSMB, was conducted due to excess mortality in the warfarin cohort. The DSMB recommended terminating the study for futility; the excess of mortality in the warfarin treatment group made any benefit of warfarin highly unlikely and created important safety concerns. The NHLBI accepted the recommendation of the DSMB.
Baseline Characteristics
Between December 14, 2009 and April 1, 2011, 145 subjects were enrolled: 72 in the warfarin group and 73 in the placebo group ( Figure 1 and Table 1 ). The mean age for the population was 67 years. Twenty-seven percent of the subjects were women and 92% were white. The mean percent predicted FVC was 59%, and the mean percent predicted DL CO was 34%. The warfarin and placebo groups demonstrated no statistically significant differences (all P values . 0.05) with respect to demographics and baseline physiologic parameters. All patients were dosed as if they were warfarin naive. Forty-one (28%) participants were on prednisone at study entry. A complete listing of concomitant medications is provided in Appendix EC.
Primary Endpoint, All-Cause Mortality, and All-Cause Hospitalizations A total of 23 primary endpoint events were observed in the warfarin-treatment group compared with 17 for the placebotreatment group (P ¼ 0.27) ( Figure 2A and Table 2 ). The warfarin group was associated with greater all-cause mortality compared with the placebo group (14 vs. 3; P ¼ 0.005) ( Figure 2B ). Reported causes of death indicated 11 of the 14 were respiratory-related in the warfarin group versus three of the three in the placebo group ( Figure 3 and Table 3 ). There were also three cardiovascular deaths in the warfarin group versus none in the placebo group. No deaths were attributed to bleeding. The warfarin group also demonstrated an increased rate of combined all-cause hospitalization and all-cause mortality (P ¼ 0.034) ( Figure 2C ).
Safety and Secondary Endpoints
There were no significant treatment effects observed in the physiologic secondary endpoints (FVC, 6-minute walk distance, DL CO ), or in the QOL indicators from baseline to 48 weeks (for complete listing of results, see Appendix EC). Additionally, warfarin did not benefit any of the predefined patient subgroups (Figure 4 ). Central adjudication confirmed the occurrence of acute exacerbations of IPF in six participants in the warfarin group compared with two participants in the placebo group (P ¼ 0.17). During the course of the trial, five of the eight participants with confirmed acute exacerbations died. Adjudication further confirmed two participants with major bleeding events in the warfarin group compared with one participant with a major bleeding event in the placebo group (P ¼ 0.62) and six participants with minor bleeding events in warfarin group compared with two participants with minor bleeding events in the placebo group (P ¼ 0.17). INR monitoring demonstrated values less than 1.5 or greater than 3.0 only 6.8% and 9.3% of the time, respectively, with a median time in target range (2.0-3.0) of 59%. The median time to reach an INR greater than or equal to 2.0 was 10 days (25th and 75th percentiles of 7 and 18 d). Additionally, compared with the placebo group, the D-dimer levels were significantly suppressed in the warfarin-treatment group at the 16-week measure relative to baseline.
DISCUSSION
The ACE-IPF trial is the first placebo-controlled, double-blind study with an intent-to-treat evaluation of anticoagulation therapy in IPF. In this study, the use of warfarin in patients with progressive IPF was associated with increased mortality when compared with placebo (adjusted hazard ratio, 4.85; 95% confidence interval, 1.38-16.99). Warfarin did not impact QOL measures or secondary endpoints. The DSMB recommended discontinuation of the study based on the low probability of demonstrating study drug efficacy and an excess of mortality in the warfarin treatment arm. The cause of the excess mortality events remains unknown, but the events do not appear to be related to the known safety profile of warfarin. The ACE-IPF study was stopped before reaching the prespecified interim analysis boundaries for the composite primary endpoint or all-cause mortality. However, a trend of higher mortality in the warfarin group was observed along with similar trends in all-cause hospitalization, respiratory-related hospitalization, and acute exacerbation of IPF. Together, these trends pointed to the possibility that warfarin treatment contributed to a worsening of the underlying respiratory status in these patients. This effect did not appear to be explained by baseline imbalances or influenced by individual centers, and, if proven true, worsening of respiratory status by warfarin is an entirely novel consequence of this therapy.
Point-of-care INR monitoring has been used in prior trials. To our knowledge, this is the first clinical trial to double-blind warfarin therapy based on internet-directed, encrypted INR monitoring at the subject's home. No patients in our trial were on warfarin at the time of randomization. The time in target range of the INR by this home point-of-care methodology was similar to that achieved in the warfarin-naive cohort of a recent clinical trial over a similar treatment period (15) . In contrast to our findings, a prior smaller study demonstrated a significant survival benefit for anticoagulation with prednisolone compared with prednisolone alone in patients with IPF (10). Our overall trial design included a matched, placebo control group, double blinding, and an intention-totreat data analysis. Additionally, our treatment protocol did not include low molecular weight heparin or mandated prednisolone in all subjects. It is unknown if the potential effects of corticosteroids or short-term heparin administration may have contributed to the beneficial outcome (16) . Additionally, our trial enrolled patients with a significantly lower DL CO (mean, 34% vs. 62% predicted), with all deaths in both treatment arms occurring among subjects with enrollment DL CO less than 45%.
The reduction in D-dimer levels in the warfarin group at 16 weeks is evidence for suppression of thrombosis and fibrinolysis in our IPF population (see Appendix EC). Despite this biologic effect, the excess mortality and hospitalizations noted in the warfarin-treated group were not a consequence of major and minor bleeding, as assessed by blinded adjudication. Furthermore, INR safety data showed no indication that the deaths were associated with INR values outside the target range (2.0 -3.0). Thus, we are left with the unexplained clinical observation that respiratory worsening, the common mode of disease progression in patients with IPF, was the most common feature contributing to the excess mortality in the warfarin group. Biologically plausible explanations for our observations include, but are not limited to, worsening of respiratory disease due to alveolar hemorrhage; unexpected detrimental effects of inhibiting the activity of factor II, VII, IX, and X simultaneously or on noncoagulant, vitamin K-dependent proteins; or loss of the beneficial effects of protein C on inflammation and remodeling (4, 9, 17) .
There were several strengths related to study design and execution. We successfully randomized and blinded the study using an encrypted home INR monitoring system. Also, the observed rates of mortality in both groups had 95% confidence intervals that were comparable to patients with IPF with similar disease severity, supporting the general applicability of our findings to patients with IPF with similar physiologic impairment (18) (19) (20) . Additionally, a central adjudication committee evaluated the key components of the composite endpoint while being blinded to treatment arm.
The study was not designed to address the molecular mechanisms involved in the treatment effect or to address the potential benefits of alternative forms of anticoagulation, such as heparin, or direct inhibitors of either factor Xa or thrombin. Therefore, we are unable to offer evidence of a mechanism for the outcome in this trial or comment on the usefulness of alternative anticoagulants. Last, early discontinuation of the study limited the available information for secondary endpoints.
The excess mortality in the warfarin arm appeared to be due to respiratory worsening (exacerbation or progression), which accounted for greater than two-thirds of the observed deaths. We must emphasize that patients who required anticoagulation for non-IPF-related reasons were excluded from this study. Therefore, our findings do not address the use of warfarin in patients with IPF who have acknowledged indications for anticoagulation. This trial demonstrated the success of the encrypted INR home monitoring system and consequent low frequency of major bleeding events. This study has significantly altered the balance of evidence related to the use of warfarin in patients with IPF. Based on our results, warfarin, as studied in this trial, should not be used for the treatment of progressive IPF.
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